We used Agilent Gene Expression microarray to analyze differential gene and lncRNA expression patterns in the myocardial ischemia regions during ischemia/ reperfusion (I/R)-induced cardiac injury in rats. Male SD rats were assigned into control group, 2 h group (30 min ischemia followed by 2 h reperfusion), 0.5 h (30 min ischemia followed by 0.5h reperfusion) group. We observed that of 18090 lncRNAs, an average of 233 lncRNAs was up-regulated in ischemic tissues of 2 h group, compared with those in control group, while an average of 6115 lncRNAs was down-regulated (with a > 2.0 fold-change and p < 0.05). Further, a total of 3135 mRNAs were differentially expressed between control group and 2h group, in which 542 mRNAs were up-regulated and 2593 mRNAs were down-regulated. Some differentially expressed genes were validated by qRT-PCR analyses of select lncRNAs in different time points after cardiac I/R injury. We unveiled that the expressions of lncRNA XR_345533.2, NONRATT025386, NONRATT024318, XR_599241.1, and NONRATT025509 were significantly up-regulated in 2h group compared with control group and 0.5h group, whereas the expression of lncRNA NR_130708.1 was downregulated after cardiac I/R injury and had no statistically different between 0.5h group and 2h group. Otherwise, the expressions of lncRNA NONRATT028627, NONRATT021959, XR_590005.1 and NONRATT023191 were significantly up-regulated in 2h group compared with 0.5h group. These findings provide evidence for differential expression patterns of mRNAs and lncRNAs in the ischemic tissues after cardiac I/R injury in rats.
INTRODUCTION
Cardiomyocyte death due to ischemia/reperfusion (I/R) injury is well-known to increase morbidity, mortality and medical cost in patients with ischemic heart disease [1] [2] [3] [4] . Treatment for this myocardial ischemia-reperfusion disorder and cardiomyocyte death has had limited success. The pathological process leading to cardiomyocyte death is very complicated and our understanding of the mechanisms that underlie the induction of cardiomyocyte death is incomplete [5, 6] . IRI-induced cardiomyocyte death is thought to be triggered by abnormal changes in gene transcription and translation [7] [8] [9] [10] . Data from an increasing number of studies have indicated that IRI dysregulates expression of mRNA and protein for the receptors, enzymes and ion channels in the heart, a phenomenon that may contribute to the induction of cardiomyocyte death [11] [12] [13] [14] . However, the molecular mechanisms that underlie this regulation for myocardial ischemia-reperfusion disorder are still unknown.
Recently, long non-coding RNAs (lncRNAs) have become an increased research focus that plays critical roles in many biological processes [15] [16] [17] [18] [19] [20] . Recent studies suggest that lncRNAs are often accompanied by important regulatory functions in the heart [21] [22] [23] . However, the lncRNAs study for heart is still in its infancy, and the signature and roles of differential gene and lncRNAs expression in the I/R-induced cardiomyocyte death have received relatively little attention. Otherwise, the details regarding differential gene and lncRNAs expression involvement in ischemia myocardial tissues at different time points are unknown. In this study, we tested the differential gene and lncRNAs expression profiles in the myocardial tissues following myocardial ischemiareperfusion injury in rat and investigated the possible roles of these differential gene and lncRNAs at different stages of ischemia-reperfusion.
RESULTS

Aberrant lncRNA expression in the ischemic tissues 2h after reperfusion
In order to select out possible targets of lncRNAs between model and control group, up to 18090 coding transcripts were detected in the ischemic tissues of the heart at 2h after reperfusion. An average of 233 lncRNAs was up-regulated in ischemic tissues, compared with those in control group, while an average of 6115 lncRNAs was down-regulated (with a > 2.0 fold-change and p < 0.05). The distributions of the log2 ratios of lncRNAs between model and control samples were nearly identical. Figure 1 showed the heat maps of the expression ratios (log2 scale) of lncRNAs in the ischemic tissues. The top 20 up-regulated and down-regulated lncRNAs are listed in Tables 1 and 2 .
Aberrant mRNA expression in the ischemic tissues after reperfusion
To identify altered genes that may contribute to myocardial I/R injury, we conducted mRNA profiling experiment on the ischemic tissues. The mRNA expressions of the ischemic tissues in the rats were examined using Agilent Rat Gene Expression microarrays that include 27,006 probe sets. The gene expression profiles in I/R group were compared with the corresponding data of control group. We identified that a total of 3135 probe sets were differentially expressed in two groups (with a > 2.0 fold-change and p < 0.05), in which 542 probe sets were up-regulated and 2593 probe sets were down-regulated. Figure 2 showed the heat maps of the expression ratios (log2 scale) of mRNAs. The top 20 up-regulated and down-regulated mRNAs from the myocardial ischemic regions are listed in Tables 3 and  4 .The maximal and minimal fold change was 25.97 and 2.0, respectively.
Gene ontology annotation for differential expression genes
The differentially expressed genes identified by Agilent Gene Expression microarrays were analyzed by Gene Ontology (GO) annotation. Figure 3 showed the significant enriched GO Terms (Top 30) including three biological functional groups (biological process, cellular component and molecular function). We found that the differentially expressed genes from the myocardial ischemic regions were primarily involved in sensory perception, neurological process, G-protein coupled receptor signaling pathway ( Figure 3 ).
KEGG Pathway enrichment analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of the differentially expressed genes were performed to identify the molecular changes of the myocardial ischemic regions. Figure 4 showed the significant enriched pathway Terms (Top 30) primarily involved in KEGG pathway including olfactory transduction, neuroactive ligand-receptor interaction, cytokine-cytokine receptor interaction, retinol metabolism, and steriod hormone biosynthesis. Figure 5 showed the differential expression genes were analyzed with GO background significant enrichment. The top five enriched GO biological processes included single-organism process, metabolic process, response to stimulus, biological regulation, and cellular aggregation. The most enriched GO cellular components included extracellular region part, macromolecular complex, membrane-enclosed lumen. The enriched GO molecular functions were catalytic activity, transporter activity, and molecular transducer activity.
Real-time quantitative PCR (RT-qPCR) validation of lncRNAs expression in the myocardial tissues 2h after cardiac I/R injury
To validate the reliability of the microarray results in rats, we analyzed these differentially expressed (DE) lncRNAs, including 5 up-regulated lncRNA and 5 downregulated lncRNA by RT-qPCR. The ischemic tissues were collected from control group and I/R group (2h after reperfusion). Five up-regulated lncRNAs, including XR_345533.2, NONRATT025386, NONRATT024318, www.impactjournals.com/oncotarget XR_599241.1, and NONRATT025509 were significantly increased in I/R group compared with control group, whereas one down-regulated lncRNA, NR_130708.1 was significantly decreased (Figure 6 ). RT-qPCR results of four lncRNA, including NONRATT028627, NONRATT021959, XR_590005.1 and NONRATT023191 were not consistent with data from microarray.
The expression of 10 lncRNA was analyzed in the cardiac tissues at different time points (0.5 h/2 h) after cardiac I/R injury It is well-known that gene expressions are varied in different time points. We collected myocardial tissue samples 0.5h vs 2h after cardiac I/R injury for RT-qPCR validation. Our results indicated that the expressions of lncRNA XR_345533.2, NONRATT025386, NONRATT024318, XR_599241.1, and NONRATT025509 were significantly up-regulated in 2h group compared with 0.5h group, whereas the expression of lncRNA NR_130708.1 had no statistically different between 0.5h group and 2h group ( Figure 6 , Figure 7 and Figure 8 ). Otherwise, the expressions of lncRNA NONRATT028627, NONRATT021959, XR_590005.1 and NONRATT023191 were significantly up-regulated in 2h group compared with 0.5h group.
The expression of 6 lncRNA was analyzed in the cardiac tissues 0.5 h after cardiac I/R injury Our results indicated that the expression of lncRNA NONRATT025386 was significantly up-regulated in 0.5h group compared with control group, whereas the expressions of lncRNA NR_130708.1, NONRATT028627, NONRATT021959, XR_590005.1 and NONRATT023191 were significantly down-regulated in 0.5h group compared with control group ( Figure 6 and Figure 7 ).
DISCUSSION
Cardiomyocyte death due to ischemia/reperfusion injury (IRI) is a great clinical problem. Despite multiple therapeutic strategies, the medical community still faces a challenge to treat cardiac ischemia/reperfusion injury in a complete and definitive way, since the pathogenesis of this ischemia/reperfusion state is very complex. It is essential to discover impactful therapeutic targets by elucidating molecular mechanisms of cardiomyocyte death. Our present work demonstrated many differentially expressed genes, pathways and biological processes in the cardiac ischemic tissues after cardiac I/R injury. By Agilent Rat Gene Expression microarrays, we identified 27,006 mRNAs in the cardiac ischemic tissues from two groups, of which 542 up-regulated and 2593 downregulated mRNAs (with a > 2.0 fold-change and p < 0.05) were identified in response to cardiac ischemia. Similarly, 18090 lncRNAs of which, 233 up-regulated and 6115 down-regulated lncRNAs were identified upon cardiac ischemia. From this list, we confirmed and verified few differentially expressed lncRNAs by RT-qPCR analyses.
Previous studies have suggested that the altered genes in the myocardial ischemic regions are involved in the regulation of cardiac function and have a protective role in I/R-induced cardiocyte apoptosis [24] [25] [26] [27] . Yang et al demonstrated that microRNA-21 had an anti-apoptotic role in I/R-induced myocardial damage via the PTEN/ Akt-dependent mechanism, suggesting that miR-21 may be a promising agent for the treatment of I/R-induced myocardial injury [27] . Wu et al showed that hypoxia/ reoxygenation significantly increased the release of lactate dehydrogenase, levels of malondialdehyde, and cardiomyocyte apoptosis, but these effects were attenuated by an miR-613 mimic, and programmed cell death 10 (PDCD10) was identified as a target gene of miR-613, suggesting that miR-613 inhibits I/R-induced cardiomyocyte apoptosis by targeting PDCD10 [28] . Díaz et al indicated that administration of urocortin-1 and urocortin-2 at the beginning of reperfusion significantly restored cardiac function, and intravenous infusion of urocortin-2 in rat model of I/R mimicked the effect of urocortin-1 on miR-324-3p and miR-139-3p, suggesting that a role of urocortin in myocardial protection may be involved in posttranscriptional regulation with miRNAs [29] . In this study, we unveiled differential expression of many mRNAs and lncRNAs in the myocardial ischemic regions, further suggesting that these altered genes might be involved in the response to cardiac injury. Although the functions of these mRNA and lncRNAs are not fully known, our findings provide novel insights about the molecular mechanism of I/R-induced myocardial damage.
Among the differentially expressed mRNAs, ASIC3, P2X3R, TRPM8 and ACPP had been reported in the study of heart disease. van Duijnhoven et al reported that the development and characterization of radiolabeled matrix metalloproteinases (MMP)-2/9 sensitive activatable cell-penetrating peptide probes (ACPPs) to assess MMP activity in myocardial remodeling in vivo, and found that radiolabeled MMP sensitive ACPP probes enable to assess MMP activity in the course of remodeling postmyocardial infarction [30] . Düzen et al observed marked increases in TRPML1-3, TRPA1, transient receptor potential melastatin subtype (TRPM)1-8, TRPC1-7, TRPV1-6, and PKD2 (TRPP2) gene expressions in nonvalvular atrial fibrillation (NVAF) patients, whereas there was no change in PKD1 (TRPP1) gene expression, suggesting that elevated gene expressions of TRP channels may be associated with the pathogenesis of NVAF [31] . Xiong et al pointed that activation of TRPM8 attenuates cold-induced hypertension through ameliorating vascular mitochondrial dysfunction [32] . Zhang et al demonstrated that myocardial ischemic nociceptive signaling mediated by P2X3 receptor in rat stellate ganglion neurons [33] . Pijacka et al showed the purinergic receptors in the carotid body as a new drug target for controlling hypertension PCR. The levels of lncRNAs were normalized to GAPDH and expressed as fold of change compared to control group. [34, 35] . Cheng et al indicated that acid-sensing ion channel 3, but not capsaicin receptor TRPV1, played a protective role in isoproterenol-induced myocardial ischemia in mice [36] .
Further, we verified that gene expressions of the myocardial ischemic regions are varied in different time points after cardiac I/R injury by RT-qPCR validation. Our results indicated that the expressions of lncRNA XR_345533.2, NONRATT025386, NONRATT024318, XR_599241.1, and NONRATT025509 were significantly up-regulated in 2h group compared with control group and 0.5h group, whereas the expression of lncRNA NR_130708.1 was significantly down-regulated between 0.5h group and 2h group compared with control group, and had no statistically different between 0.5h group and 2h group. Otherwise, the expressions of lncRNA NONRATT028627, NONRATT021959, and NONRATT023191 were significantly up-regulated in 2h group compared with control and 0.5h groups, whereas the expressions of lncRNA gi|672034655|ref|XR_590005.1| was significantly down-regulated in 0.5h group compared with control group, and had no statistically different between control group and 2h group.
In summary, our data indicate that differential expression patterns of mRNAs and lncRNAs of the ischemic tissues in different time points after cardiac I/R injury in rats, and suggest potential clinical applicability to identify effective biomarkers for the cardiac injury.
MATERIALS AND METHODS
Animals and ethic statement
Male adult Sprague-Dawley rats (SPF class, each weighing 250 ~ 300g) were obtained from the Tongji Laboratory Animal Center (No. 42000600011122), and were housed in cages in groups of three, maintained at 22-25°C with a natural light-dark cycle. The current study was performed in accordance with the directives outlined in the Guidelines for the Care and Use of Laboratory Animals (US National Institutes of Health). Animal care and experimental protocols were approved by the Committee on Animal Care of Tongji Medical University, Wuhan, Hubei, China (IRBID:TJA0804).
Establishment of rat models with myocardial ischemia/reperfusion injury
Myocardial I/R surgery were performed as previously described [6, [37] [38] [39] . Briefly, rats were anesthetized; a tracheal intubation was set up. Then an invasive incision was made to expose the heart at the fourth intercostal space. Then the left anterior descending coronary artery was located and ligatured until myocardial ischemia occurred which was indicated by visualizing a marked epicardial cyanosis. After 30 min of myocardial ischemia, the trap of the left anterior artery was opened. Reperfusion was allowed for 0.5 h or 2 h.
Experimental protocols
Experiment A Animals were randomly divided into two groups: control group (Sham, n = 3) and I/R group (30 min ischemia followed by 2h reperfusion, n = 3). The myocardial ischemic regions were prepared for LncRNA+mRNA Rat Gene Expression Microarray and Real-Time quantitative PCR (RT-qPCR).
Experiment B Rats were randomly assigned to three groups: (1) control group (n = 6); (2) 0.5h group (30 min ischemia followed by 0.5h reperfusion, n = 6); (3) 2h group (30 min ischemia followed by 2h reperfusion, n = 6). The myocardial ischemic regions were prepared for RT-qPCR.
Tissue preparation
After 0.5 h or 2 h reperfusion, rats were immediately decapitated by cervical dislocation. Following decapitation, the myocardial ischemic regions were dissected during a dissection microscope and taken for subsequent analysis. The tissue was flash frozen in liquid nitrogen. Total RNA was isolated using Trizol ® reagent (Invitrogen, Carlsbad CA). RNA samples were performed by Ambion mirVana miRNA Isolation Kit for purity and concentration.
Gene expression microarray
High quality samples containing 200 ng of total RNA were used on LncRNA+mRNA Rat Gene Expression microarray (Agilent 8x60K chips) by Capitalbio Technology Corporation. Gene profiling of the myocardial ischemic regions from I/R group and control group were carried out according to the manufacturer's instructions [40] [41] [42] . 
Real-time quantitative PCR
2 μg of total RNA was extracted from the myocardial ischemic regions responding to I/R using TRIzol reagent (Invitrogen, USA) as described previously [43] [44] [45] [46] [47] . The threshold cycle (CT) was used to estimate the amount of target mRNA. The comparative CT method with the formula for relative fold-change = 2 -ΔΔCT was used to quantify the amplified transcripts. The specific forward (F) and reverse (R) primer sequences (Table 5) were designed. Experiments were evaluated in triplicate.
Microarray imaging data, Gene ontology and KEGG pathway analysis
The lncRNA+mRNA array v4.0 data were analyzed by using the Agilent GeneSpring software V13.0. The differentially expressed genes from the myocardial ischemic regions were selected by using the threshold values of ≥ 2 or ≤ −2-fold change, and the tree visualization from the myocardial ischemic regions was performed by using Java Treeview (Stanford University School of Medicine, Stanford, CA, USA) [48, 49] . The lncRNA/mRNA expression profiles from the myocardial ischemic regions between I/R group and control group were screened by volcano plot filtering. The differential lncRNA/mRNA expression from the myocardial ischemic regions was determined with Gene Ontology program. The key regulatory pathways in the myocardial ischemic regions responding to I/R were analyzed using the KEGG pathway analysis.
Statistics analysis
All quantification data are presented as mean ± SEM, and error bars represent SEM. To test for differences between the two groups, Mann-Whitney test were applied for each differentially expressed gene. The statistical analyses were done using t test, and P < 0.05 was considered statistically significant. 
